Si heteroepitaxy on CaF 2 was studied with x-ray photoelectron spectroscopy and diffraction and low-energy electron diffraction to determine the interface bonding and silicon overlayer growth mode. The CaF 2 surface was prepared by irradiation with low-energy electrons and exposure to arsenic, which replaced surface fluorine atoms with arsenic. Thin Si films ͑1.3 nm͒ were subsequently deposited at 550°C. The Si films completely cover the CaF 2 substrate and have a type-B orientation. The resultant interface has Si-Ca bonds, with the As surfactant layer terminating the Si surface in a 1ϫ1 structure.
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Epitaxial CaF 2 has a wide variety of potential applications including ballistic transistors and large band-offset quantum wells. 1, 2 To realize such devices, the growth of both CaF 2 on Si and Si on CaF 2 must be sufficiently understood to produce atomically abrupt interfaces and atomically flat films. Growth of CaF 2 on Si͑111͒ has been extensively studied, [3] [4] [5] [6] [7] [8] [9] and is currently well understood. 10 Growth of Si on CaF 2 , however, has met with limited success due to ͑i͒ a large difference in surface energies ( Si Ϸ3 CaF 2 ) ͑Ref. 11͒ and ͑ii͒ a strong chemical reaction between impinging silicon atoms and surface fluorine. Growth at temperatures low enough to limit island formation kinetically leads to flat, but amorphous, films. 4 Substrate temperatures above 300°C result in Si islands, with both island size and separation increasing with temperature. 12 Above 550°C, calcium segregates into ͑or on top of͒ crystalline silicon islands. 13 Improved crystallinity, as measured by Rutherford backscattering, was achieved in the growth of GaAs on CaF 2 when the CaF 2 surface was first irradiated with 3 keV electrons. 14 Pettersson, Miles, and McGill, using atomic-force microscopy, concluded that Si films grown on electron-irradiated CaF 2 were much flatter than those grown on unirradiated CaF 2 . 15 A combination of electron irradiation of CaF 2 and As as a surfactant produced GaAs-on-CaF 2 ͑111͒ films with a reduced number of dislocations and stacking faults. 16 In this letter, we demonstrate the use of surfacemodification-enhanced epitaxy, including both electron irradiation and surfactant introduction, to produce ultrathin (ϳ1 nm), laminar, crystalline-Si films that completely cover a CaF 2 substrate.
The ideal high-temperature CaF 2 on Si͑111͒ interface consists of a nonstoichiometric Si-Ca-F triple layer instead of the normal bulk F-Ca-F termination. [5] [6] [7] [8] [9] [10] To achieve a similar Si-Ca-F structure at the Si-on-CaF 2 interface requires removal of the surface fluorine layer, which we achieved using electron irradiation. Removal of this layer also reduces or eliminates the Si-F etching reaction. The resultant defected surface is very sensitive to impurity adsorption, particularly O 2 and H 2 O, 10 even under ultra-highvacuum ͑UHV͒ conditions. The reactivity of the irradiated CaF 2 surface to residual gases may be greatly reduced by passivating with arsenic, which only sticks if defects are present. 17 The As also serves as a surfactant to promote subsequent laminar growth of Si. The formation process and structure of the electron-irradiated, As-terminated CaF 2 surface will be discussed elsewhere. 17 The substrates consisted of a thin layer of CaF 2 on a Si͑111͒ wafer. This enabled direct current heating and eliminated charging during photoemission. Silicon wafers (p type, 10 ⍀ cm͒ were resistively heated until a well-ordered 7ϫ7 low-energy electron diffraction ͑LEED͒ pattern was observed and no O 1s or C 1s photoemission could be detected. About 10 molecular layers ͑3.2 nm͒ of CaF 2 were grown on the silicon substrates at 650°C at 0.3 nm/min, conditions chosen to produce a flat film. 9 CaF 2 films were irradiated at room temperature with 40 eV electrons, using a flood gun source at grazing incidence. Arsenic was then deposited onto the CaF 2 at 550°C using an uncracked (As 4 ) Knudsen source. Silicon was deposited at 0.02 nm/min (550°C) by resistively heating a second wafer that faced the CaF 2 film while maintaining an As background pressure of 1ϫ10 Ϫ8 mbar. This background As was to counteract possible loss of As from the surface layer due to diffusion into the CaF 2 or incorporation in the growing Si. Data shown are from experiments conducted at Beamline 7.0 of the Advanced Light Source ͑Berkley, CA͒ under UHV conditions (1ϫ10 Ϫ10 mbar). Similar experiments were done with a laboratory x-ray source. X-ray photoelectron spectroscopy ͑XPS͒ binding energies are referenced to the Fermi level.
Silicon, calcium, and fluorine photoemission spectra were collected with and without growth of the silicon overlayer. We concentrate here on the Si 2p emission, which arises from both the overlayer and the buried substrate ͑see Fig. 1͒ . To obtain the portion from the overlayer, a pregrowth Si 2p spectrum was attenuated by the inelastic scattering losses induced by the overlayer ͑see below͒ and subtracted from the postgrowth spectrum, yielding the solid line in Fig. 1͑a͒ . The difference curve clearly contains three separate components; a least-squares fit of the difference into three ͑Voigt͒ components is shown in Fig. 1͑b͒ . Spectra have been deconvolved to display only the Si 2p 3/2 component using the statistical spin-orbit ratio of 2:1 and an energy splitting of 0.605 eV. Fitting of the data was performed prior to deconvolution, with spin-orbit parameters fixed. A common Lorentzian width ͑0.15 eV, lifetime plus photon broadening͒ was used for all components but the Gaussian widths were free to vary independently. Comparison of the overlayer emission with the pregrowth ͑substrate only͒ spectrum yields three qualitative conclusions: ͑i͒ both display lowbinding-energy ͑LBE͒ shoulders; ͑ii͒ the main ͑bulk͒ peak of the overlayer is shifted to higher-binding energy relative to the substrate bulk peak; and ͑iii͒ the high-binding-energy ͑HBE͒ shoulder on the overlayer emission is not present in the substrate emission. The LBE shoulder of the substrate peak is generally attributed to Si bonded to Ca at the CaF 2 -on-Si interface. 5, 6, 10 We attribute the similar LBE shoulder on the difference spectrum to Si-Ca bonds at the Si-on-CaF 2 interface for the following reasons. The energy shift between the main peak and the shoulder is similar (0.40Ϯ0.03 eV for each͒, and is in the opposite direction from that expected for Si-As or Si-F bonding. Also, the area of the peak is consistent with a complete interface monolayer below a four-bilayer film. Assuming an attenuation length of 1.5 nm in Si at 310 eV ͑Ref. 18͒ ͑consistent with the interface component relative amplitude in the pregrowth spectrum͒, and averaging photoelectron diffraction effects ͑shown in Fig. 3͒ , we find a selfconsistent estimate of the overlayer as a Si bilayer bonded to Ca at the interface, three complete Si-Si bilayers, and a Si-As bilayer at the surface. These results indicate that electron irradiation to remove F successfully promoted Si-Ca bonding, and that the As did not remain at the interface. They also indicate that the overlayer has fully ͑or nearly͒ covered the CaF 2 .
The overlayer ''bulk'' emission is shifted by 0.25 eV to HBE from the substrate, indicating a larger valence-band offset for the Si-on-CaF 2 interface. A Fermi-level position further from the valence-band maximum in the n-type ͑As-doped͒ overlayer than in the p-type substrate is not unexpected. However, a different interface defect-state density cannot be ruled out. We find that the band offset at the buried CaF 2 -on-Si interface does not change upon irradiation, As termination, or Si deposition. This is in contrast to the ϳ1 eV reduction in the buried CaF 2 /Si band offset observed for direct deposition of Ge ͑Ref. 19͒ or Si ͑Ref. 17͒ on CaF 2 at room temperature.
We attribute the high-binding-energy peak in Fig. 1͑b͒ to Si-As bonding in the overlayer. The measured 0.62 eV corelevel shift is smaller than both the 0.75 eV shift on Si͑111͒:As ͑Ref. 20͒ and the 1.0 eV shift for Si͑111͒:F. 21 Si-As bonding would be expected at the surface if As acts as a surfactant, or at the interface if it remains trapped; fluorine, however, is not expected to act as a surfactant. To distinguish between surface or interface contributions to the HBE peak, we exploit the variation of electron escape depth with kinetic energy. The lower spectrum in Fig. 2 is more surface sensitive than the upper one due to its shorter inelastic attenuation length. The HBE peak constitutes a larger fraction of the total signal in the surface-sensitive spectrum while the LBE interface and substrate emission are suppressed. We thus conclude that the HBE peak corresponds to a surface Si component. The HBE peak has a significantly larger Gaussian width ͑0.8 eV͒ than either the bulk or Si-Ca interface component ͑both 0.3 eV͒. This could be due to disorder in the near-surface region or other Si-As components that we are unable to resolve. From the known core-level shifts of As on Si͑111͒ ͑Ref. 20͒ ͑0.75 eV, bonded to three As͒ and on Si͑100͒ ͑Ref. 22͒ ͑0.5 eV, two As͒, we extrapolate a shift of 0.25 eV per Si-As bond. Assuming a Gaussian width of 0.3 eV, and shifts of ϩ0.4 eV ͑interface Si-Ca͒, 0 ͑bulk͒, Ϫ0.25 ͑Si-As͒, Ϫ0.5 (Si-As 2 ), and Ϫ0.75 eV (Si-As 3 ), the data may be fitted with comparable quality ͑chi squared within 15%͒ to Fig. 1͑b͒ . In such fits the area represented by Si bonded to one and two As is approximately 0.4 ML. Possible origins of these components are arsenic incorporation into the Si film ͑very heavy doping͒ or incomplete coverage of As at the surface.
The local crystallinity of the Si overlayer was investi- gated using x-ray photoelectron diffraction ͑XPD͒. Figure 3 shows the variation of photoemission intensity as a function of polar angle along ͓112 ͔ for two 100-meV-wide regions of the Si 2p postgrowth emission. The energy windows, centered at Ϫ99.5 and Ϫ100.5 eV, are referred to as ''substrate'' and ''overlayer'' in Fig. 3 since primary contributions were from the substrate and grown overlayer, respectively ͓see Fig. 1͑a͔͒ . The similar positions of diffraction features indicate the substrate and overlayer have the same crystalline orientation; thus a type-B interface is formed. The diffraction features of the two components also have similar relative amplitudes, indicating the overlayer has comparable local crystal quality to the substrate. The substrate emission shows the expected additional attenuation at larger polar angles, with the effect being more noticeable at a lower kinetic energy. LEED exhibited a 1ϫ1 pattern on the grown overlayer and showed no time dependence. Due to electron-stimulated desorption of fluorine, the intensity and sharpness of CaF 2 LEED spots decrease noticeably within 30 s. The lack of time-dependent diffraction spots is thus an indication that the Si overlayer has completely covered the CaF 2 surface. The LEED pattern from the overlayer had broader spots and a brighter background than a Si͑111͒:As standard, indicating smaller coherent diffracting regions for the overlayer.
In summary, we conclude that a combination of electron irradiation and surfactants can overcome the difficulties posed by large surface energy differences and the strong Si-F surface chemical reaction in Si on CaF 2 heteroepitaxy. We find the resultant Si-on-CaF 2 interface is similar to the CaF 2 -on-Si interface. Both have Si-Ca bonds and a type-B orientation. This is an important step towards the development of Si-CaF 2 multilayer device structures.
